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BEAM-BEAM EFFECTS IN THE LHC
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(Received 8 December 1994; infinalform 8 December 1994)
The intensity and therefore the luminosity of the Large Hadron Collider (LHC) is limited by beam-beam effects.
Some of these effects are a consequence of the LHC design, such as crossing angle, two-in-one dipoles and
PACMAN bunches. The various effects are discussed and the resulting limitations are presented. The performance
is estimated and possible improvements are discussed.
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1 INTRODUCTION
The Large Hadron Collider (LHC) is designed for the highest luminosities above
1034 cm-2 s-1 and therefore requires to be operated with the largest possible intensity.!
The main limit to the intensity and therefore to the luminosity is the beam-beam effect.
Beam-beam effects in bunched hadron beams have been studied experimentally at the SPS
collider and the Tevatron. Certain design properties of the LHC however lead to significant
differences and entail additional effects not present in existing hadron colliders. Examples
for such features are:
• Very high beam currents of 0.53 A per beam.
• Crossing angle to avoid parasitic collisions.
• Many bunches: 2835 bunches per beam.
• Large number of long range interactions.
• Two-in-one design of the dipoles.
• Gaps in the bunch train leading to "Pacman" effects.
The dynamics of the beam as a consequence of these beam-beam effects is therefore rather
complex and the different aspects have to be studied and optimized. Several effects can be
distinguished:
• Head-on and long range interactions




• Coherent beam-beam effects
W.HERR
• Orbit effects caused by the beam-beam interaction
All these effects may limit the performance and to reach the highest possible intensity,
an understanding of these processes is required and a careful optimization is necessary.
2 EXPERIENCE FROM EXISTING COLLIDERS
Although the behaviour of charged particles in electromagnetic fields can be easily
calculated, the beam-beam dynamics is not very well understood and it is practically
impossible to derive the limitations from basic principles. However, a lot of experience
was gained in operating hadron colliders such as the SPS2 and the Tevatron.3 Although
both machines operated with very few bunches the results are very relevant to the design of
the LHC but the additional features mentioned above have to be considered.
2.1 Maximum tune shift
The SPS collider was operated with beam-beam tune shifts ~ between 0.003 and 0.006
and with three head-on collision points. Resonances of order ten or lower caused strong
diffusion and have reduced the life time to unacceptable values. The influence of higher
resonances of order 13 and 16 was noticeable. Those resonances could not be avoided with
the chosen working point. In general, the lowest order resonances which can be avoided are
determined by the tune spread since any resonance inside the occupied tune space affects
the beam dynamics. The maximum permitted total tune spread to avoid the adverse effects
of lower order resonances was approximately Ll Q ~ 0.020. For three collision points this
led to a maximum linear tune shift of ~ ~ 0.006 per interaction point. This allows to
accommodate the required tune space between the lower order resonances in the working
diagram. For the Tevatron resonances of order 12 seem tolerable but the tune shift is lower
than at the SPS collider.
2.2 Unequal beam sizes
Both SPS collider and the Tevatron have observed a significant deterioration of the beam
stability when the two beams have significantly different transverse dimensions. The larger
beam showed lower lifetimes and developed transverse tails. Similar results have been
reported for ep collisions at HERA.4 A qualitative explanation are the stronger nonlinear
fields experienced by the larger beam when it traverses the small beam.
3 HEAD-ON AND LONG RANGE COLLISIONS
In contrast to the SPS collider and the Tevatron, the LHC is operated with a very large
number of closely spaced bunches. In order to prevent them from colliding in the part of the
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ring where the two beams share a common vacuum chamber, the bunches collide at a small
horizontal crossing angle. However, this cannot suppress completely the so-called long
range interactions between the separated beams. Since the bunches are closely spaced, any
bunch can experience many of these long range interactions and their overall contribution
can become very important.5 Furthermore, this type of interaction is very non-linear for
a separation of the order 6 to 7 a, which is the typical value for the LHC, and therefore
contribute strongly to the tune spread. The contribution from both, head-on and long range
interaction has to be evaluated to determine the maximum intensity which allows the tune
spread to be smaller than the required value. In contrast to the SPS collider, multipolar
fields in the superconducting magnets create an additional tune spread and the permissible
beam-beam induced spread is reduced. We have adopted a maximum spread of ilQ =0.015
as our limit for the tune space occupied by the beam. From this limit we determine the
maximum acceptable intensity.
3.1 Experimental insertion
Since the layout of the experimental insertions has important consequences for the long
range interaction, it is described in some detail.
In most of the ring the two beams travel in two separate beam pipes and have to be
brought into collision in the experimental areas. The two beams are deflected by two strong
dipoles (Figure 1) D1 and D2 which provide the necessary angle. The small crossing angle
of ex = 200 J1rad is established with two horizontal orbit correctors Hk which act on the
two beams separately.
They can also be used to adjust the collision. In this scheme it is of importance that the
focusing triplet is still inside the part which is common to both beams, i.e. the focusing
quadrupoles are shared by the incoming and outgoing beam. As a consequence of the equal
charge, the quadrupoles have different focusing properties for the two beams: a focusing
quadrupole becomes defocusing for the other beam. Therefore the optics parameters in the
two transverse planes for the two beams are exchanged.
D1 D2
(Separate chambers)
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FIGURE 2: Horizontal orbit of incoming and outgoing beam. Dashed and dotted lines indicate incoming and
outgoing beams, full line is the total separation.
The orbit, and therefore the separation between the two beams, increases linearly from
the collision point to the first common quadrupole, but from then the effect on the orbit is
different (Figure 2). The separation, i.e. the orbit difference between the beams, does not
increase linearly but starts to saturate. This is shown in Figure 2 where the orbit functions
are plotted as a function of the distance from the central collision point.
The beam sizes will not be the same for the two beams since the properties in the planes
are exchanged: a horizontally flat beam will oppose a beam which is "vertically flat", leading
to "unequal" beam sizes.
3 .1.1 Pacman bunches In the LHC each of the two beams consists of a'train of bunches.
These bunches are spaced by 25 ns. However, the finite rise time of the injection and
extraction kickers of the injectors require small gaps without bunches in the train. Another
large gap is necessary for the abort system. The filling scheme is shown in Figure 3.
Normally, a bunch in one beam will always meet another bunch at all head-on and all
long range interactions. Bunches near the gaps will meet the corresponding bunches at the
head-on collision, but may encounter a gap at the parasitic collision points. These bunches
have therefore an irregular collision scheme with fewer long range interactions.
The actual number of interactions for a given bunch depends on its position in the train
and the distance from the gap. The distribution of the number of long range interactions for
all bunches is shown in Figure 4. It can be seen that only about half the bunches are nominal
bunches, i.e. have all long range interactions. The tune spread and the non-linear effects
due to long range interactions are different for all the other bunches. The working point
has to be chosen such that these irregular bunches do not cross dangerous resonances. The
acceptable tune spread of LlQ =0.015 has to include the nominal as well as the irregular
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81 bunches
25 ns
l' 1 =8 bunches
l' 2 =38 bunches
l' 3 =127 bunches (beam dump)
l' 4 = 3 bunches
Total: 729 bunches missing
FIGURE 3: LHC bunch train with gaps for kicker rise time and abort gap.
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FIGURE 4: Distribution of number of long range interactions for bunches.
bunches, otherwise the latter are potentially unstable if the working point is optimized for
the nominal bunches. The irregular bunches can therefore substantially increase the required
operational tune space.
Since the bunches next to the gaps are the most irregular, they would be lost first and the
gaps would be increased leading to other bunches becoming irregular. This effect of losing




To account for this effect, in the following I shall treat the nominal bunches and the
extreme cases (Figure 4) which experience only half the total number of long range
interactions.
3.2 Number of long range collisions and separation
While the determination of the head-on (or quasi head-on collisions due to the crossing
angle) contribution is straightforward, the long range effects depend on the geometry of
the interaction region, in particular on the number of parasitic collision points and the
separation.
The total number of these long range interactions can be computed from the bunch spacing
(25 ns) and the length of the common path. The numbers depend on the precise location
of the separation dipoles and with the current layout the calculation gives around 12-14
interactions for 25 ns on each side of the collision point.
The relevant parameter for the strength of the long range interactions is the separation
of the two beams. In the drift space between the collision point and the focusing triplet the
fJ -functions of the two beams are the same and the separation (in units of the beam size a)
can be written as:5
xes) a .sa· fJ* a .~ a .~ .~
dsep = a(s) = a(s) ~~ = V(EfJrY) = R = const. (1)
where a is the full crossing angle (200 JLrad), E* = (EfJrY) the normalized emittance, fJ*
the betatron function and a * the beam size at the collision point. The parameters fJr and Y
are the usual relativistic factors. This expression is valid as long as fJ (s) ex s2, i.e. in the
drift space on both sides of the interaction point where s » fJ*.
As soon as the two beams enter the common focusing quadrupoles, the normalized
separation has to be calculated individually for each parasitic encounter from the optics
parameters.
For the total tune spread from the long range interaction, a scaling of
1
~Qtot ex -2-dsep
is approximately valid. In order to minimize the long range spread, the normalized separation
d;ep should be as large as possible.
Using (1) one can identify two possible parameters to increase the separation: the crossing
angle a and the fJ-function at the collision point fJ*. An increase of a is limited by the
available aperture and the possible excitation of synchrobetatron resonances. An increased
fJ * would increase the beam size a * but could allow a higher intensity and therefore a higher
luminosity. An appropriate set of parameters may be found to optimize the performance.
3.3 Alternating crossing scheme
It is well known that for separated beams the tune shift has different signs in the two planes,
i.e. it is negative in the plane of separation when the separation is sufficiently large (~ 1.6 a).
Alternating crossings, i.e. a horizontal and a vertical crossing can decrease substantially the
BEAM-BEAM EFFECTS IN THE LHC 75
overall spread8,g but requires an even number of interaction regions to obtain the maxi-
mum compensation effect. A possible alternative is a crossing in two planes simultaneously
since the compensation effect is always present and the asymmetry between the incoming
and outgoing beam is largely decreased. IO
3.4 Tune spread
In order to evaluate the tune space occupied by the beam, a simulation program was
written which allows to track the particles through the LHC and to compute the tune for a
given amplitude5 taking into account the head-on collisions and all long range collisions.
The mapping of the amplitudes into the two dimensional tune space is usually called the
"footprint". Such a footprint for a single LHC interaction region with horizontal crossing
is shown in Figure 5. The tune shifts are normalized to the linear beam-beam tune shift ~
and only amplitudes up to 4 (J are considered.
This figure shows separately the head-on and the long range footprint as well as the
combined tune spread. Also shown is the combined spread for the extreme PACMAN or
edge bunches, i.e. bunches which experience only half the long range collisions. Since there
is no compensation effect with a single interaction region, the long range tune shift for all
amplitudes is negative in the horizontal plane. The tune space for the PACMAN bunches is
shifted as compared to the nominal bunches since the long range contribution is halved. The
necessary tune space is the rectangle which would enclose the footprint ofboth, nominal and
PACMAN bunches and is therefore significantly increased due to the PACMAN bunches.
The Figure 6 shows a similar plot for two interaction regions with alternating crossings,
25 ns bunch spacing and 7.0 TeV beam energy. The linear beam-beam tune shift u,sed for
the calculation was ~ = -0.0051 and leads to an overall spread of 0.015 in both planes.
The footprint is now very symmetric due to the alternating crossings and the PACMAN
bunches have no additional contribution to the overall spread. To obtain the highest possible
luminosity, an alternating scheme or combined vertical and horizontal crossing is absolutely
essential.8,9
3.5 Parameter optimization
In the last section it was demonstrated how the necessary tune space was determined. To
obtain the highest possible luminosity an optimization of the 'parameters is required. It has
already been mentioned that the knowledge on the performance limitations from beam-
beam effects is rather incomplete and does not allow to establish directly a set of optimum
parameters. The different effects have to be evaluated and combined with experience from
previous colliders. To calculate the beam-beam effects and the performance, an initial set
of design parameters is necessary and the optimization process is done by iteration.
From the last section it became clear that the long range contributions playa dominant
role and should be reduced as much as possible. It has also been shown that alternating
crossings are essential to reduce the tune spread and allow higher bunch intensities. The
number of long range collisions can be reduced by a larger bunch spacing while keeping
the total current constant. The luminosity is proportional to N~ and when the intensity is
increased as the number of bunches is decreased a gain is expected.8 This led to the final
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FIGURE 6: Tune footprint for two alternating interaction regions. Head-on and long range contribution for
nominal and PACMAN bunches.
To increase the normalized separation at the parasitic encounters, a larger crossing angle
or a higher f3* is necessary. The crossing angle however is limited by aperture and the
excitation of synchrobetatron resonances. A higher f3* would lead to a bigger beam size
at the collision point but ~llow to increase the intensity when the tune spread due to long
range interactions is reduced. It is possible to find an optimum value for f3* where the
luminosity is a maximum. To illustrate this, the relative luminosity compared to a nominal
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FIGURE 8: Relative luminosity as function of fJ*, ~Qmax=O.015, 3 experiments, spacing 15 ns.
value with a standard set of parameters is plotted as a function of f3* in Figure 7. The
bunch intensity is adjusted such that the overall tune spread is always exactly 0.015 and
the corresponding luminosity is calculated. A very distinct maximum can be seen where
the luminosity assumes a maximum. For lower values of f3* the limit is given by the long
range contributions. The dashed line indicated corresponds to the total current limit. The
optimum f3* is around 0.5 m, very close to the design value.
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To demonstrate how strongly this depends on the initial parameters, Figure 8 shows
the same dependence for three experiments and 15 ns spacing. Not only is the optimum
fJ* significantly larger than 0.6 m, the best luminosity which can be obtained is less than
half the previous value. To a large extend this is due to the only partial compensation for
three experiments with two horizontal and one vertical crossing. Inspecting Figure 8 shows
that a factor of two for the luminosity can be recuperated by going from the· nominal
fJ* =0.5 m to the optimum value. It demonstrates that the increase of fJ* can be a powerful
tool to reduce the beam-beam effects and even to obtain higher luminosities whenever the
intensity is limited by the long range contributions.
4 SYNCHROBETATRON RESONANCES
When bunched beams cross at a finite angle, the beam-beam kick a particle receives depends
on its longitudinal position and leads to a coupling between the synchrotron and betatron
motion6 and therefore to the excitation of synchrobetatron resonances. The strength of these
resonances is usually expressed with the parameter ~..:; where a is the crossing angle and ax
and as are the transverse and longitudinal beam sizes. This parameter should be smaller than
1.0 and for the present LHC parameters it is about 0.5. In order to study these resonances, a
simulation program was written7 and the strength of the synchrotron satellites was studied.
The Figure 9 shows the ratio between the maximum and minimum emittance as a function
of the horizontal tune Qx. Resonances should appear as peaks in this picture.
The twelfth order resonance 8Qx - 4Qz = 1 can be clearly observed as well as the first
satellites. The emittance increase at the satellites is however small compared to the main
resonances and in addition the synchrotron tune is small (Qs =0.0016) and the sidebands
are close to the main resonances. The sidebands do therefore not significantly increase the
width of the dangerous resonances and should not impose a strong limitation.
A similar picture is obtained for a scan near the 7th order resonance 5Qx + 2Qz = 2
which is in the vicinity of the LHC working point but probably can be avoided with the
expected tune spread.
5 COHERENT BEAM-BEAM EFFECT
Another effect which is particular to a design with a crossing angle and separated beams
is the coherent nature of the long range kicks. These kicks can excite coherent resonances.
A simulation program was written to study the coherent dipole oscillation caused by these
coherent kicks. 11 In contrast to coherent oscillations excited by small deviation from a
head-on crossing, the kick from the long range encounters is non-linear and lower order
non-linear resonances have to be studied. Furthermore, since every bunch encounters many
other bunches, all bunches will eventually be coupled and lead to a very large number of
coherent modes which will be placed between the O-mode and the rr-mode, i.e. the modes
with the extreme frequencies (cf. Reference 11). In order to evaluate the stability limit,
the horizontal tune was scanned and the threshold for an instability was determined in the
simulation. This is summarized in Figure 10. It can be seen that the stability limit is strongly
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FIGURE 10: Stability diagram from coherent dipole oscillation.
reduced in the vicinity of low order resonances and the 3rd order non-linear resonance is
clearly visible. The theoretical limit for ~ at the nominal LHC working point would be
around 0.008, well above the design value. However, since every bunch experiences many
kicks and couples to many other bunches with arbitrary phases, the resonances width is
extremely small: tune differences more than 10-6 between the bunches will lead to a strong





When the beam-beam kick for separated beams is evaluated, one can identify a constant
term which acts like an orbit kick:
8x' = CO~St. • [1 - S+ O(~:) + ...J
This kick will change the closed orbit of the bunch depending on the separation and the
bunch intensity. In principle this orbit effect can be corrected with horizontal closed orbit
correctors. However, only the mean orbit can be corrected that way. Bunches which receive
different kicks will circulate on different orbits. This is especially true for the PACMAN
bunches which, in the extreme cases, experience only about half the number ofnominal long
range kicks. The orbit separation for these bunches cannot be corrected with conventional
orbit correctors.
For more than one interaction point the contributions from the different collisions can
either add together or partially compensate each other. For a given working point this
depends on the integer part of the tune and also on the periodicity. It has been shown11 that
this separation can become as large as one a at the interaction point when the phase advance
between the interaction points is very unfavourable. This effect has to be taken into account
when new working points are considered.
7 SUMMARY
An overview was given to the various aspects ofbeam-beam effects in the LHC. In particular
those effects which are special to the design of the LHC have been discussed in detail. These
effects are related to the crossing angle, the two-in-one design of the magnets and PACMAN
effects. An optimization was tried to define a set of parameters which allows to reach the
highest possible luminosity in the LHC.
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